Obesity is a multifactorial disease characterized by the abnormal or excessive fat accumulation, which is caused by an energy imbalance between consumed and expended calories. Obesity leads to an inflammatory response that may result in peripheral and central metabolic changes, including insulin and leptin resistance. Insulin and leptin resistance have been associated with metabolic and cognitive dysfunctions. Obesity and some neurodegenerative diseases that lead to dementia affect mainly women. However, the effects of diet-induced obesity on memory consolidation in female rats are poorly understood. Therefore, the aim of this study was to evaluate the effect of a hypercaloric diet on the object recognition memory of female rats and on possible related metabolic changes. The animals submitted to the hypercaloric diet presented a higher food intake in grams and in calories, resulting in increased weight gain and liposomatic index in comparison with the animals exposed to the control diet. These animals presented a memory deficit in the object recognition test and increased serum levels of glucose and leptin. However, no significant differences were found in the serum levels of insulin, TNF-α and IL-1β, in the index of insulin resistance (HOMA), in the hippocampal levels of insulin, TNF-α and IL-1β, as well as on Akt expression or activation in the hippocampus. Our findings indicate that adult female rats submitted to a hypercaloric diet present memory consolidation impairment, which could be associated with diet-induced weight gain and leptin resistance, even without the development of insulin resistance.
Introduction
Obesity is a multifactorial disease characterized by the abnormal or excessive fat accumulation [1] . Fundamentally, obesity is caused by an energy imbalance between consumed and expended calories, which is often associated with increased intake of energy-dense foods with high levels of fat and sugar and with increased physical inactivity, which is associated to a growing sedentary lifestyle [1] . According to the World Health Organization [1] , > 1.9 billion adults are overweight, including among them 600 million people which are obese, most of which are women. Overweight or obese individuals are at increased risk of developing several diseases and pathological conditions, including insulin resistance, type 2 diabetes, heart disease, stroke, certain types of cancer, osteoarthritis and dementia, being one of the leading preventable causes of death worldwide [2] [3] [4] .
The adipose tissue, which is increased in obese individuals, is an endocrine organ that plays a key role in the energetic balance homeostasis, including the control of lipid and glucose metabolism, food intake and in the control of thermoregulation and hormonal functions [5] . Moreover, it is known that the adipose tissue presents a key role in the modulation of inflammatory cascades, secreting adipokines, including hormones, cytokines (such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β) and peptides, which may cause an inflammatory acute reaction that, if not attenuated, could result in chronic inflammation [3, 6] . This inflammatory status caused by obesity may lead to peripheral and central metabolic changes, including insulin and leptin resistance, which are characterized by a decreased tissue response to the action of these hormones [7, 8] .
It is widely known that both circulating leptin and insulin contribute to long-term regulation of body weight [7] [8] [9] . Increased serum levels of leptin and insulin modulate the activity of hypothalamic neurons, especially those from the arcuate nucleus, leading to decreased food intake and increased energy expenditure, aiming the maintenance of body weight and fat deposits at appropriate levels [7] [8] [9] . Moreover, insulin is also known to regulate neuronal survival and brain function, being associated with learning, memory and synaptic plasticity [10] [11] [12] . Under physiological conditions, insulin signaling is characterized by the phosphorylation of the insulin receptor substrate 1 (IRS 1) and the activation of phosphoinositide 3-kinase (PI3K)/Akt pathway, determining cellular responses that will facilitate synaptic plasticity and the activation of mechanisms involved in memory consolidation [12] [13] [14] . On the other hand, obesity and neuroinflammation are associated with elevated levels of TNF-α and other molecules that decrease IRS 1 phosphorylation, leading to the inhibition of PI3K/Akt pathway, causing synaptic dysfunction and memory deficits [13, 14] . Therefore, insulin resistance and changes in insulin signaling caused by obesity are associated with memory loss and cognitive deficits [15, 16] . In the same way, leptin promotes neurogenesis and synaptogenesis, thus facilitating learning and memory processes in the hippocampus [17] . Injections of leptin into the hippocampus of rodents improved memory retention [18] . In leptin receptor-deficient rodents, hippocampal CA1 neurons exhibit impaired development of long term potentiation (LTP) and long term depression (LTD), synaptic modifications necessary to memory formation [19] . In addition, it was observed that obese/hyperleptinemic rats present impaired leptin signaling and electrophysiological deficits in the CA1 region of the hippocampus [20] . Therefore, leptin resistance and the impairment of leptin signaling lead to changes in synaptic plasticity, which may result in cognitive deficits [17, 21, 22] .
Few studies have investigated the association of obesity metabolic dysfunctions and cognitive deficits in young adult rats. Some studies have demonstrated that sucrose-induced obesity leads to cognitive dysfunction in male young adult rats submitted to the object recognition and to the object-in-place tests [23] [24] [25] . Fu et al. [25] have shown that long-term high-fat diet induces hippocampal microvascular insulin resistance and cognitive dysfunction in male rats. On the other hand, other authors have shown that male young adult rats submitted to cafeteria, high-fat or western diets did not present memory deficits in the object recognition test [26, 27] . Therefore, it seems that not only the calorie content, but also the composition of the diet, affect the cognitive function of the animals. In addition, the effects of diet-induced obesity on memory consolidation in female rats are poorly studied. Underwood and Thompson [28] have recently shown that female young adult rats submitted to high-fat diet present deficits in spatial object recognition memory associated with impaired hippocampal function. Assuming that obesity and some neurodegenerative diseases that lead to dementia affect mainly women [1, 29] , a greater clarification is needed on the effects of diet-induced obesity on cognitive processes in female rats. Thus, the aim of this study was to evaluate the effect of a hypercaloric diet on the object recognition memory and on possible related metabolic changes in female rats.
Material and methods

Animals
Female adult Wistar rats (60 days in the beginning of the experiment) born and reared in the Center for Laboratory Animal Reproduction and Research (CREAL) at Universidade Federal do Rio Grande do Sul (UFRGS), Brazil, were used in these experiments. After rearing, they were housed in polypropylene cages (40 cm × 33 cm × 17 cm), 4 per cage, with ad libitum access to food and water, under standard environmental conditions (room temperature of 22 ± 2°C and a 12 h (light) -12 h (dark) cycle from 0500 to 1700 h). All rats had free access to food and water. Two weeks before behavioral tests and tissue collection, vaginal smears were obtained daily for the control of the estrous cycle and only animals in diestrus and with at least three consecutive regular estrous cycles were used. Our experimental protocol was carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals, following approval by the Ethical Commission for the Use of Animals (CEUA) of UFRGS -protocol no 19788. All possible efforts were made to minimize the animal suffering and to reduce the number of animals used to obtain reliable scientific data.
Diet
Animals were divided in two experimental groups and were fed with a control diet, represented by a standard rat chow (2,95 kcal/g -55% carbohydrate, 22% protein, 4,5% lipid) (NUVILAB, Curitiba, Brazil), or with a hypercaloric pelletized diet produced in our laboratory (3,44 kcal/g -68,9% carbohydrate, 18,4% protein, 5,1% lipid) for 22 weeks. Rats had free access to food and water. The animals fed with the hypercaloric diet also had access to the control diet to allow the animals to choose which diet they preferred to eat, in an attempt to avoid a great interference in the eating behavior, as well as minimizing some type of nutritional deficiency that could be related to the consumption of the hypercaloric diet only.
Food intake, body weight gain and liposomatic index
The chow was weighted before being offered to the animals and, 24 h after being given to the animals, the remaining chow was weighted. The food intake was determined by the difference between the weight of the chow that was given to the animals and the weight of the remaining chow. The animals were weighted biweekly over 22 weeks for the evaluation of the body weight gain during this period. All the visceral fat from the abdominal and pelvic cavities was extracted (with the exception of the retroperitoneal fat) and immediately weighted in a precision balance. The liposomatic index (LSI) was determined by the ratio between the visceral fat weight and the body weight of the animals in the last day of the experiment.
Behavioral analysis
The animals were submitted to the behavioral tests 21 weeks after the beginning of the diet.
Open field
The open field test was used to analyze the locomotor activity of the animals. The evaluation of the locomotor activity of the animals is necessary since changes in the locomotor activity could determine changes in the data obtained in the object recognition test. Briefly, the animals were placed in the upper left quadrant from an open field of 50 × 50 cm, delimited by four walls of 20 cm of height, and the amount of time that the animals spend moving through the apparatus was measured. The animals were left in the apparatus for 5 min, and it was calculated the percentage of time in which the animals moved, in relation to the total amount of time of the test [30] .
Object recognition test
The declarative memory was evaluated through the object recognition test, which is based in the natural tendency of the animals to explore more a new object in comparison with a familiar object, in a familiar context [31] . In this test, the animals were placed in the same apparatus used in the open field test in a dimly illuminated room, as described by Dere et al. [32] . The animals were habituated in the apparatus in the absence of any stimulus for 20 min during 4 days, aiming to minimize the possible interference of anxiety-like behavior triggered to the exposition of the animals to a novel environment in their performance in the object recognition test.
Afterwards, the task was realized in two consecutive days. In the first day (training session), two different objects (A and B) were placed in the open field, and the animals were left in the apparatus for 5 min to explore these objects. In the second day, one of the objects was replaced by a new one (object C), and the animals were left in the arena for another 5 min (test session). The open field arena and the stimulus objects were carefully cleaned between each session to ensure the absence of olfactory cues. Exploration was defined as smelling or touching the object with the nose or the forepaws. The time spent in the exploration of each object was counted in seconds. The following criteria were used for data analysis: index of global habituation, used to determine the overall level of exploration; preference index, used as a measure of cognitive function; discrimination index, used to assess memory performance; recognition index, used to measure of novel object recognition [33, 34] .
Biochemical analysis
After 22 weeks since the beginning of the diet, the animals were killed by decapitation and the trunk blood and the hippocampus were collected for further biochemical and molecular analysis. The animals were left without food access for 5 h before the blood collection. Although this was not an overnight fast, this procedure was made trying to avoid variations in the results of the biochemical tests due to differences regarding the time interval between the last meal and the blood collection between the animals. Serum levels of glucose were evaluated by enzymatic kit (Labtest, Lagoa Santa, Brazil), while serum levels of insulin, leptin, TNF-α and IL-1β were determined by ELISA (Abcam, Cambridge, MA, USA), following the instructions of the manufacturer. The homeostasis model assessment (HOMA), an index of insulin resistance, was calculated using the established formula: HOMA = glucose (mM) × insulin (lUI/mL)/22.5. Moreover, the levels of insulin, TNF-α and IL-1β in hippocampal homogenates were also evaluated by ELISA, and the results were normalized for the protein concentration, which was measured by the method of Bradford [35] .
Western blot
Samples of hippocampus were homogenized in lysis buffer (pH 7.4) containing protease inhibitors and detergents (150 mM NaCl, 20 mM Tris-HCl, 1 mM EDTA, 10% glycerol, 1% Nonidet P40 and 0.2 mM phenylmethylsulphonyl fluoride (PMSF)). The homogenates were centrifuged at 7000 × g for 10 min at 4°C to discard cell debris, and the supernatant fraction obtained was used for Western blot assay. The protein levels were measured by the method of Bradford [35] . After protein measurement, sodium dodecyl sulfate polyacrilamide gel electrophoresis (SDS-PAGE) on 10% (w/v) was carried out using a miniprotean system (Bio-Rad, Hercules, CA, USA) with broad range molecular weight standard (Precision Plus Protein Dual Color Standards, Bio-Rad). Protein (50 μg) was loaded in each lane with loading buffer (pH = 6.8) containing 65 mM Tris, 50% glycerol, 10% SDS, 0.5 M mercaptoethanol, 0.002% bromophenol blue. Samples were heated at 94°C for 2 min prior to gel loading. After electrophoresis, proteins were transferred to 0.2 μm nitrocellulose membranes (Trans-Blot, Bio-Rad) by a semi-dry system 25 V, 2.5A, 5 min (Trans-Blot Turbo Transfer System, Bio-Rad). The membranes were blocked with 5% (w/v) BSA in TTBS (138 mM NaCl, 25 mM Tris, pH 8.0, and 0.1% (w/v) Tween-20) at room temperature for 2 h, and then incubated overnight at 4°C with the primary antibody diluted in this same blocking solution. The membranes were processed for immunodetection using rabbit polyclonal antibodies for p-Akt and Akt (60 kDa) (1:500 dilution) (Santa Fig. 1 . Hypercaloric diet increased food intake, body weight gain and LSI of female rats. A) Intake (g); B) Intake (g) in diet group (standard diet × hipercaloric diet) C) Energy intake (kcal); D) Total body weight gain (final weight − initial weight) (g); E) Body weight gain over 22 weeks (g) F) Adiposity index -visceral fat depot weight (g) relative to final body weight (g). The values are presented as mean ± SEM of 10-14 animals per group. The data were analyzed by Student's t-test. *p < 0.05.
Cruz Biotechnology, Santa Cruz, CA, USA). After washing with TTBS, the membranes were incubated for 2 h at room temperature with goat anti-rabbit (Millipore, Billerica, MA, USA) (1:10,000 dilution) and washed with TBS (20 mM Tris-HCl, 140 mM NaCl, pH = 7.4). The blots were revealed for chemiluminescence followed by apposition of the membranes to autoradiographic films (Hyperfilm ECL, Amersham). The densitometric analysis of the autoradiographies was performed with the Image J software (NIH, Bethesda, MD, USA). To minimize interassay variations, samples from all experimental groups were processed in parallel. Protein expression values were calculated as arbitrary densitometric units.
Statistical analysis
Statistical analysis was carried out using the software GraphPad Prism 5.0 (La Jolla, CA, USA). A Student's t-test was used to analyze the differences in the parameters evaluated between the experimental groups when the data were parametric, while a Mann-Whitney test was used to compare the non-parametric data. All the results are presented as mean ± standard error mean. The level for statistical significance was set at P < 0.05.
Results
Hypercaloric diet increased food intake, body weight gain and LSI
The animals which were submitted to the hypercaloric diet presented a higher food intake in grams (P = 0.01) (Fig. 1A) and in calories (P = 0.0001) (Fig. 1C) , resulting in increased weight gain (P < 0.001) (Fig. 1C and D) and LSI (P = 0.0001) (Fig. 1E ) in comparison with the animals exposed to the control diet. Moreover, the animals of diet group showed a preference for the hypercaloric diet, presenting a higher total consumption of this diet in comparison with the standard diet (P < 0.001) (Fig. 1B) .
Locomotor activity
As previously mentioned, the evaluation of the locomotor activity of the rats is necessary since changes in the locomotor activity could determine changes in the data obtained in the object recognition test. No differences were found in the locomotor activity of the rats exposed to the hypercaloric diet in comparison with the control group ( Fig. 2A). 
Hypercaloric diet affects memory consolidation in the object recognition test
The index of global habituation showed that the total time spent in exploring the two objects was similar in the groups in both in the training phase and in the test phase, evidencing that the diet did not change the overall level of exploration (Fig. 2B) . The preference index showed that in the training phase the animals explored the objects A and B equally. In the test phase, both groups spent more time exploring the novel object (object C), showed that there was preference for the novel object independent of diet (Fig. 2C) . However, the discrimination index lower in the diet group when compared to the control group, indicate that the animals exposed to the hypercaloric diet decreased the capacity of discrimination between the novel and familiar objects (Fig. 2D) . In addition, the recognition index lower in the diet group when compared to the control group indicate that the animals exposed to the hypercaloric diet reduced the capacity of novel object recognition (Fig. 2E) . These data suggest that hypercaloric diet affects the consolidation memory in female rats.
Hypercaloric diet increases serum levels of glucose and leptin
Hypercaloric diet increased the serum levels of glucose (P = 0.036) and leptin (P = 0.049) ( Table 1) .
Hypercaloric diet does not cause insulin resistance
No significant differences were found in the serum levels of insulin as well as in the index of insulin resistance, measured by the HOMA (Table 1 ). In addition, no changes were detected in the levels of insulin (Table 1 ) and in the expression or activation of Akt in the hippocampus (Fig. 3) . Moreover, no differences were found in the serum levels of TNF-α or at the hippocampal levels of TNF-α and IL-1β (Table 1) .
Discussion
Obesity is a multifactorial disease that is primarily caused by an energy imbalance between consumed and expended calories. In this study, it was shown that female rats submitted to a hypercaloric diet for 22 weeks presented a higher food intake in grams and in calories, resulting in increased weight gain and LSI in comparison with the animals exposed to the control diet. The animals of diet group showed a preference for the hypercaloric diet, presenting a higher total consumption of this diet in comparison with the standard diet. Highly palatable foods (food rich in fat and sugar) activate the reward system to affect feeding behavior, which may explain the increasing problem of obesity worldwide [36, 37] . In the evolutionary context, these foods are more attractive because they can be quickly converted into energy [38] . The consumption of these foods over a long period of time can be compared to drug addiction, mainly because these foods generate progressive increases in food intake [39] . Although the hypercaloric diet used in this study could be considered a moderately high calorie diet, since there was not a great difference in the amount of calories between this diet (3.44 kcal/g) and the control diet (2.95 kcal/g), the long period in which the animals were submitted to these diets and higher total consumption probably were important factors for the induction of obesity. In this context, studies have shown that animals exposed to hypercaloric or high-fat diets for a period between 3 and 8 weeks do not present increased weight gain in comparison with control animals [40] [41] [42] , while other studies have shown that hypercaloric diets are able to increase weight gain when administered for a longer period [42, 43] . Therefore, these results show that the hypercaloric diet used was an effective model for the induction of obesity and for the study of molecular and behavioral changes associated with this disease.
Diet-induced obesity was associated with an impairment of novel object recognition, indicating that obesity affected memory consolidation in female rats. Some studies have associated diet-induced obesity with memory deficits in rats exposed to the object recognition and object-in place tests [23, 24, 28] , corroborating our findings. However, it should be noted that there are some controversy regarding this context, since other studies were not able to detect cognitive dysfunctions in rats submitted to different diet-induced obesity experimental models [26] [27] [28] . Since obesity and some dementia-related conditions are more common in the female sex [1, 29] and that few studies show the effects of diet-induced obesity on memory consolidation in female rats, this study is important for showing that diet-induced obesity causes memory deficits in female rats, bringing important clinical correlations as women are more susceptible to obesity than men.
Behavioral changes and cognitive dysfunctions that are associated with obesity may have a correlation with the inflammatory response that is caused by this condition. Obesity is characterized by increased deposits of adipose tissue, which are associated with increased release of adipokines, including inflammatory cytokines, which may lead to inflammation [3, 6] . This inflammatory response caused by obesity may lead to peripheral and central metabolic changes, including insulin resistance and changes in insulin signaling, which could lead to cognitive deficits [8, 15, 16] . In this study, although we were not able to detect significant changes in serum of TNF-α and hippocampal levels of TNF-α and IL-1β, it was observed that the animals exposed to the hypercaloric diet presented a much higher average than the control group in the serum levels of TNF-α (P = 0.058), which could be associated with increased inflammation. In addition, although there were not changes in serum and hippocampal levels of insulin in female rats, it was shown that diet-induced obesity was associated with hyperglycemia, which could indicate the beginning of insulin resistance development. This condition was not associated with changes in the hippocampal Akt expression or activation. Although other studies have found changes in the basal expression of p-Akt in the hippocampus, cortex and hypothalamus of rats with peripheral insulin resistance [44] [45] [46] , we are not able to state that in the present study there was not a deficit in the insulin signaling in the hippocampus, since p-Akt expression was evaluated without a previous injection of insulin, which The values are presented as mean ± SEM of 5-9 animals per group. All data were analyzed by Student's t-test, except hippocampus levels of TNF-α that were analyzed by Mann-Whitney test. ⁎ p < 0.05 could be an important step for the evaluation of its capacity of signaling with more precision [47] . In addition to the hippocampus, other areas such as the perirhinal and the medial prefrontal cortex play important roles in the neural circuitry related to object recognition memory [48] [49] [50] [51] . It is not known if these brain regions act independently or if there is an interaction between them for the object recognition memory formation [48, 51] . It is possible that these different areas may play different roles in the object recognition memory function [48] .
Data from other studies suggest that factors such as sex and diet composition and duration, affect the development of insulin resistance in rats exposed to diet-induced obesity models. Estrany et al. [52] showed that female rats exposed to a high-fat diet for 14 weeks did not develop insulin resistance. In contrast, the same diet was able to trigger insulin resistance in male rats in this same time. These data suggest that female rats could be more resistant than males in the development of insulin resistance. This hypothesis have been recently confirmed by Rattanavichit et al. [53] , which showed that female rats are more protected against the generation of insulin resistance after high fructose ingestion for 6 weeks due to the protective role of female sex hormones. It is important to note that the data from these studies also suggest that a high-carbohydrate diet could be more effective at developing insulin resistance than a high-fat diet. In the present study the animals were exposed to a high calorie diet for a longer period (22 weeks), however, it was used a moderately high calorie diet, which may have been the reason for the absence of insulin resistance development. It has been demonstrated that mice exposed to a moderately high calorie diet for 34 weeks do not develop insulin resistance although they present persistent hyperleptinemia and obesity [43] , corroborating our findings. Nonetheless, the observed status, in which insulin resistance has not yet been fully developed, was able to affect memory consolidation of female rats in the object recognition test.
In the present study, it was observed that the animals exposed to the hypercaloric diet presented increased serum levels of leptin, which could indicate a possible leptin resistance condition. It is known that normal leptin signaling is necessary for normal memory processing [18] , and several studies have shown that leptin resistance is associated with cognitive deficits in different experimental models [17, [20] [21] [22] . Similar to our findings, other studies have shown that hypercaloric diets are able to trigger leptin resistance [7, [54] [55] [56] . Persistent hyperleptinemia has been associated to tau pathology and Aβ pathology, related to neurodegeneration and cognitive decline [39] . Therefore, these data indicate that the memory deficits that were observed in the object recognition test could be associated with leptin resistance.
Leptin plays an important role in the development of chronic proinflammatory states, such as obesity and their complications. Leptin increases the production of pro-inflammatory cytokines, such as TNF-α, IL-1 and IL-6, which upregulate the expression of leptin mRNA, which sustains the production of leptin, prompting the chronic inflammation state observed in obesity [57, 58] . Although the hypercaloric diet was not able to cause significant changes in serum levels of TNF-α and in hippocampal levels of TNF-α and IL-1β, as well as to produce insulin resistance, the leptin serum levels were clearly increased, indicating that the inflammatory response to obesity is present, but at a low intensity. The low inflammatory response to obesity found in this study possibly result from the intake of a moderately high calorie diet.
Data from other studies suggest that factors such as levels of anxiety can interfere with memory tasks [33, 59] . Considering that obese animals are susceptible to develop anxiety-like behaviors [60, 61] , it is possible that memory consolidation impairment found in this study could be associated with a possible change in obesity-induced anxietylike behaviors (data not evaluated in this study). However, it is important to mention that our protocol included a period of 4 days of habituation of the animals to the open field apparatus before the test, aiming to minimize the possible interference of anxiety-like behavior triggered to the exposition of the animals to a novel environment in their performance in the object recognition test.
In summary, our findings indicate that young adult female rats submitted to a hypercaloric diet present increased weight gain and memory consolidation impairment, which could be associated with diet-induced leptin resistance. These data show that not only aging, but also the dietary pattern is an important factor in the development of cognitive deficits that could appear even during adult life, before aging.
